Iodine-plutonium-xenon isotope systematics have been used to re-evaluate time constraints on the early evolution of the Earth-atmosphere system and, by inference, on the Moon-forming event. Two extinct radionuclides ( 129 I, T 1/2 = 15.6 Ma and 244 Pu, T 1/2 = 80 Ma) have produced radiogenic 129 Xe and fissiogenic 131−136 Xe, respectively, within the Earth, the related isotope fingerprints of which are seen in the compositions of mantle and atmospheric Xe. Recent studies of Archaean rocks suggest that xenon atoms have been lost from the Earth's atmosphere and isotopically fractionated during long periods of geological time, until at least the end of the Archaean eon. Here, we build a model that takes into account these results. Correction for Xe loss permits the computation of new closure ages for the Earth's atmosphere that are in agreement with those computed for mantle Xe. The corrected Xe formation interval for the Earth-atmosphere system is 40 +20 −10 Ma after the beginning of Solar System formation. This time interval may represent a lower limit for the age of the Moon-forming impact.
Introduction
The age of the Solar System is well established at 4.568 Ga [1] [2] [3] . Extant and extinct radioactive series indicate that not only primitive bodies but also differentiated planetesimals and planetary embryos, including Mars, formed within a few million years after the beginning of condensation in the Solar System (inferred from the age of calcium-aluminium-rich inclusions, CAIs, in primitive meteorites). By contrast, the formation age of the EarthMoon system is uncertain and is presently debated within a time interval of 30- the Earth requires the development of adequate extinct radioactivity chronometers. Because the Earth's interior has been well mixed by mantle convection over 4.5 Ga, most of the early reservoirs have been rehomogenized, even if some remnants of past heterogeneities might still be present [4] [5] [6] [7] . However, information on ancient reservoirs is still held at the Earth's surface, in old terranes, and, in the case of noble gases, in the terrestrial atmosphere.
Xenon, the heaviest noble gas, has a large number (nine) of isotopes, and extant and extinct radioactivity products have contributed several of them. Iodine-129 decays with a half-life of 15.7 Ma into 129 Xe [8] , resulting in 129 Xe excesses in primitive meteorites relative to the potential primordial Xe isotopic compositions [9] . Atmospheric Xe presents a monoisotopic excess of 129 Xe (compared with adjacent 128 Xe and 130 Xe isotopes) of about 7% [10] attributed to the decay of extinct 129 I. Some natural gases and mantle-derived rocks [11] [12] [13] have 129 Xe/ 130 Xe ratios (where 130 Xe is a stable isotope of xenon that is used for normalization) higher than the atmospheric value. Altogether, these observations demonstrate that the Earth formed and differentiated while 129 I was still present, thus within a few tens of millions of years. Most (more than 80% of) terrestrial Xe is now in the atmosphere ( [11] but see [14] for an alternative view), so that atmospheric Xe is to first order representative of total terrestrial Xe. Consequently, a 129 I- 129 Xe age of the Earth can be constrained from estimates of the initial abundance of iodine, inferred from the present-day abundance of the stable isotope 127 I [15] . Although the latter is not well known (probably no better than a factor of 2, see below), the exponential nature of radioactive decay makes the result less sensitive to this uncertainty. Thus, the I-Xe age of the Earth's atmosphere, which is in fact the time interval t 129 of reservoir closure, can be expressed as INI initial ratio from meteorite data (1.1 × 10 −4 ) [16] and estimates of terrestrial 127 I abundance (greater than 3 ppb, up to 13 ppb, see §2). 129 Xe(I) represents the 129 Xe excess resulting from the decay of 129 I in the atmosphere (2.8 × 10 11 mol of 129 Xe(I) [10] ). Within these assumptions, the Earth would have become closed for Xe isotope loss at 100-120 Ma after CAI, this range depending mostly on the initial abundance of iodine (for further discussion of these parameters, see reviews [10, 15, [17] [18] [19] ). This is the classical 'age' of the atmosphere found in textbooks. The other short-lived nuclide of interest here is 244 Pu (half-life of 80 Ma [20] ) which, in addition to α-decay, presents a weak (0.125%) branch for spontaneous fission and produces 131, 132, 134, 136 Xe isotopes (represented hereafter by 136 Xe(Pu)). These heavy Xe isotopes are also produced in the Earth by the spontaneous fission of extant 238 U. However, the contribution of 238 U fission to Xe isotopes was minor compared with that of 244 Pu during the periods of time characterizing the Earth's formation and its early evolution. Contrary to iodine, plutonium has no stable isotope, so that the initial abundance of 244 Pu is inferred from comparison with U in meteorites and the Earth [21] , because both are refractory and lithophile elements. Fissiogenic Xe from 244 Pu has been found in the Earth's interior [4, 12, 22] . The detection of fissiogenic Xe in the atmosphere is, however, not straightforward, as the original composition of atmospheric xenon is not directly measurable. In fact, atmospheric xenon is isotopically fractionated by 3-4% per atomic mass unit relative to potential primordial candidates [23] . Furthermore, even after correction for such mass-dependent isotope fractionation, neither chondritic nor solar Xe can be directly related to atmospheric Xe, because both chondritic and solar Xe are rich in the heavy Xe isotopes ( 134 Xe and 136 Xe) compared with 'unfractionated' atmospheric Xe [24] . Takaoka [25] and Pepin & Phinney [26] extrapolated, from meteorite data, a primordial Xe component (labelled Xe-U by Pepin & Phinney [26] ), from which atmospheric Xe could be derived by mass-dependent isotopic fractionation. Xe-U has an isotope composition close to solar Xe for its light masses but is depleted in 134 [17, [32] [33] [34] . Given the half-life of 244 Pu of 80 Ma, this discrepancy suggests that Xe was lost from the atmosphere after the giant impact phase of the Earth's accretion [17, 33] . Atmospheric xenon not only is isotopically fractionated (enriched in heavy isotopes by 3-4% per atomic mass unit) compared with potential primordial Xe, but also is elementally depleted by one order of magnitude relative to other noble gases (e.g. Kr) compared with the abundance pattern of meteoritic noble gases. These dual characteristics, known for a long time as the 'xenon paradox' (elementally depleted in heavy elements, isotopically enriched in heavy isotopes), have not yet found a satisfactory explanation. The Xe depletion and the lack of Pu-produced Xe isotopes in the atmosphere suggest that, after a last giant impact event, there might have been more xenon in the atmosphere, which would have been lost through a process that fractionated Xe isotopes (if both features were related). Therefore, the I-Pu-Xe ages should be corrected for Xe loss, and the scope of the correction would depend on the timing of loss relative to I and Pu decays. The apparent deficiency of 136 Xe(Pu) in the atmosphere (see previous paragraph) may indeed be a consequence of prolonged selective loss of atmospheric Xe.
Recent studies of noble gases in Archaean (3.5-3.0 Ga old) rocks may provide a solution to the xenon paradox. Isotopically fractionated Xe has been found in Archaean barite [35, 36] and hydrothermal quartz [37, 38] . The Xe isotopic spectrum is intermediate between the primordial and the modern atmospheric Xe isotope patterns, and the isotopic fractionation (relative to the modern composition) tends to decrease with decreasing age (figure 1). Together with Xe data from ancient basement fluids of presumed Proterozoic age [40] , the evolution of Xe isotopic fractionation with time is consistent with a Rayleigh distillation in which Xe has been lost from the atmosphere with an instantaneous fractionation factor of about 1.1% per atomic mass unit [38] . The magnitude of the latter is in agreement with experimental studies of Xe isotope fractionation upon ionization [41] . The exponential decrease of Xe isotope fractionation with time is qualitatively consistent with that of the far-UV light (FUV) flux from the evolving Sun with time ( [39] ; figure 1), suggesting that Xe was selectively ionized and lost from the atmosphere to space through time [42, 43] at a rate that followed the declining FUV flux. [39] . The wavelength of ionization of Xe atoms corresponds to the range 920-1200 Å. (b) Progressive isotopic fractionation of atmospheric Xe from cosmochemical components [10] tomodernatmosphere [31] . Ancient rocks record intermediate isotopic compositions: 3.5 Ga-old barites [35, 36] ; quartz samples [37, 38] ; Proterozoic deep fracture fluids [40] .
In this study, we investigate the possibility to reproduce the current features of atmospheric Xe (elemental and isotopic compositions), taking into account this long-term escape. We develop a three-box model (solid Earth, atmosphere, space) that allows us to correct the abundances of radiogenic/fissiogenic Xe isotopes for Xe loss. Previous computed ages are therefore not valid any more and their values and meaning have to be revisited. Doing so, we follow Podosek & Ozima [17] , who predicted that 'if allowance is made for the possibility that most of the Xe, including radiogenic Xe, that should be in the atmosphere, has somehow be removed or hidden, the I-Xe and Pu-Xe formation interval could be reduced to perhaps 60 Ma'. We now have observational evidence for such Xe loss through geological time. Because the atmosphere is probably very sensitive to impact-driven erosion [44, 45] , corrected closure ages may be related to the end of the giant impact epoch that led to the formation of the Moon [46] .
Building of the model
The model consists of three reservoirs: the silicate Earth, the atmosphere and outer space (figure 2). We aim to estimate the closure time of the atmosphere t, defined here as the time after CAI when the atmosphere became closed to volatile loss (except for Xe preferentially lost during the Hadean and Archaean eons . After a time interval t (40 Ma, one outcome of the model), the Earth begins to retain its volatile elements and accumulates xenon degassed from the solid Earth to the atmosphere without isotopic fractionation. Xenon atoms escape from the atmosphere to outer space with isotopic fractionation. The evolution of the budget of atmospheric xenon shows the progressive escape of Xe atoms with time. The escape lasts until the end of the Archaean eon (t = 2 Ga). At this time, the abundance has almost reached the current abundance of xenon in the atmosphere. The process is completed by further degassing of the xenon atoms. (b) Isotopic spectrum of xenon relative to the current isotopic composition of the Earth's atmosphere using 130 Xe as a reference isotope. Xe-U is the starting isotopic composition (circles). The fractionated Archaean atmosphere (around 1% amu −1 ) is shown with squares and the 'artificial' current isotopic composition of the reference solution is shown with stars. The current isotopic composition is reproduced within 0.7% or better.
are contributed to the proto-Earth by accreting bodies, and partially lost through collision and atmospheric erosion. Between t and present, only Xe is lost to space, the other volatile elements being conservative in the atmosphere. We correct for this secondary Xe loss using the depletion of xenon relative to other noble gases in the atmosphere. Xenon is degassed without isotopic fractionation from the Earth's interior to the atmosphere through magmatism. Between t and the end of the Archaean eon, xenon escapes from the atmosphere to outer space, and is isotopically fractionated during this escape. Three radioactive series are involved: 129 Xe produced by the β-decay of 129 I (T 1/2 = 15.6 Ma), and 131, 132, 134, 136 Xe from the fission of 244 Pu (T 1/2 = 80 Ma) and 238 U (T 1/2 = 4.47 Ga). As 136 Xe, compared with other xenon isotopes ( 131,132,134 Xe), is a major product from the fission of 244 Pu, it will be considered as a proxy for the entire fission component in the following discussion.
The following mass balance exemplifies the evolution of the atmospheric 129 [31] . Equations are resolved with 1 Ma step using an original code written with the MATHEMATICA programming language. Results of the model comprise, for each temporal step, the amount of each stable isotope in each reservoir plus the amount of each radiogenic/fissiogenic isotope (e.g. 136 Xe in the atmosphere coming from the fission of 244 Pu).
(a) Degassing from the Earth's interior
The rate of Xe degassing (ϕ(t) in equations (2.1)-(2.3)) from the Earth's interior through time can be anticipated from thermal and geochemical considerations. Having a constant degassing parameter ϕ(t) through Earth's history would result in a too severe Xe loss from the mantle. We have tested different functions for ϕ(t), and the model results that best fit the data are those obtained using three different values (ϕ 1 > ϕ 2 > ϕ 3 ) for the respective intervals of time [ t, 100 Ma], [100 Ma, 1000 Ma], [1000 Ma, 4500 Ma] (table 1 ). An exponential decrease of ϕ(t) could also fit the data but not as well as this stepped function.
The choices of these steps and of the related time intervals have some physical grounds. Owing to a higher thermal regime of the solid Earth, the degassing rate during the Hadean eon was probably an order of magnitude higher than the modern one [18, [47] [48] [49] . During the Archaean eon, the degassing rate was also probably higher than at present, as indicated for example by the ubiquitous presence of komatiitic lavas, presumably originating from a mantle hotter than today (although some authors argue that a hotter mantle does not necessarily imply a higher convection rate [14, 50] ). Isotopic fractionation of xenon during magma generation and degassing could only be kinetic, if any, and is neglected here. The model is built in such a way that the mantle is degassing Xe into the atmosphere from the time of Earth's accretion, which is mathematically Data are scarce because they are extremely difficult to obtain (owing to the need to date confidently the host phases). Available data are consistent with a time evolution of the Xe isotopic fractionation, presumably in the ancient atmosphere. This evolution can be fitted with a Rayleigh distillation model in which Xe isotopes are escaping from the atmosphere through time with mass-dependent instantaneous isotopic fractionation. The exponential evolution of the isotopic composition of atmospheric xenon with time predicted by Rayleigh distillation is consistent with the decline of FUV light flux from the ancient Sun ( figure 1) where the factor 1.035 relates to the isotopic difference between solar/chondritic and modern air and f is the depletion factor of Xe in modern air corresponding to a factor of ≈20 relative to carbonaceous chondrites (CCs) [23] . The instantaneous fractionation factor α esc is then ≈1.011% per atomic mass unit. This isotope fractionation is large for an inert gas with such a high mass. Thus, either Xe isotopic fractionation resulted from a specific process during atmospheric escape, which is not yet documented, or it involved ionization of xenon, which, from laboratory experiments, has been shown to yield isotopic fractionation of the order of 0. In our model, we use an instantaneous fractionation factor α esc allowed to vary within 1.0-1.5% per atomic mass unit. The rate of escape of xenon atoms is scaled using FUV decay curves corresponding to the wavelength at which xenon atoms are ionized (102.3 nm) [39] . The intensity of escape (β(t) in Ma −1 ) with time t is given by 
Key parameters
The key parameters of the model are either taken directly from the literature (e. 
(a) Iodine content of the Earth
Because of its volatility, the precise iodine content of the Earth, and thus 129 I INI , is not well known. A large range between 3 and 13 ppb is proposed in the literature [56] [57] [58] . The lower value of 3 ppb is computed with iodine data from the depleted mantle [58] , which, by definition, is poor in incompatible elements such as iodine. Thus, it represents a lower limit of the iodine budget of the Earth. Here, we use a value of 6.4 ppb in our reference solution, which gives model results consistent with observed Xe data, and permits a good match between the two chronometers 
(b) U-Pu content of the Earth
The range of present-day abundances for 238 U is between 16 and 20 ppb [18] , corresponding to initial values, 4.57 Ga ago, between 33 and 41 ppb. Here, we take a value of 38 ppb for the initial 238 U content as in [18] . The average value of 6.8 × 10 −3 for ( 244 Pu/ 238 U) INI is derived from the analysis of meteorites [21, 59] and is consistent with data obtained from ancient terrestrial zircons [18, [60] [61] [62] .
(c) Initial amount and isotopic composition of xenon
Xenon is under-abundant in the terrestrial atmosphere relative to other noble gases by a factor of 23 ± 5 relative to Kr [23] . Thus, the present-day atmospheric inventory (6.15 × 10 11 mol of 130 Xe [31] ) can be corrected for selective escape of xenon atoms by multiplying the current abundance by this factor, which leads to an initial 130 Xe amount of 1.41(±0.36) × 10 13 mol. It is beyond the scope of this study to evaluate the starting isotopic composition of primordial xenon and we refer to discussions elsewhere [17, 26, 32] . The U-Xe [23] is, so far, the only initial isotopic composition that permits the reproduction of the current isotopic composition of atmospheric Xe, including fissiogenic and radiogenic contributions [63] , and its composition is adopted as a starting isotopic composition for the model.
(d) Optimization of the parameters
The model is constrained using the initial Xe amount for the Earth and the U-Xe composition, on the one hand, and the present-day amount and composition of atmospheric Xe and, for some of the isotopic ratios, of mantle Xe, on the other. 130 Xe, the stable isotope of reference, is used to scale the degassing and escape rates over time. The different degassing rates ϕ 1 , ϕ 2 and ϕ 3 (table 1) are fitted in order to respect the 130 Xe depletion over time and to take into account variations in the degassing rate of the mantle. The ϕ 1 , ϕ 2 and ϕ 3 values that best fit the data are 890, 15 and 1 times the modern rate between t and 100 Ma, 100 Ma and 1 Ga, and 1 Ga and present, respectively. The variation of the atmospheric Xe escape rate (equation (2.5)) is scaled to the variation of the FUV light flux over time. Once the degassing and escape rates of 130 Xe are scaled, it is possible to optimize other key parameters, such as the instantaneous fractionation factor α esc and the initial iodine abundance I INI . The aim of this final step of optimization is to reproduce the modern and the Archaean isotopic compositions of atmospheric Xe to better than 1% (figure 2).
(e) Outcomes of the model
In addition to optimization of the degassing and escape parameters, the model allows one to determine the atmospheric closure time t that best fits the observations. Time t corresponds to the time after CAI when the atmosphere became closed (except for Xe, whose escape to space continued over eons). 
Discussion
The long-term escape affects the global budget of xenon atoms in the Earth's atmosphere and therefore the amount of radioactive products, which have to be corrected as shown in table 2.
(a) Corrected I-Xe age of the Earth-atmosphere system
The I-Xe closure age of the atmosphere, corrected for long-term escape of atmospheric Xe, becomes 41 Ma after CAI, instead of 110 Ma, with our reference I content of 6.4 ppb. For a possible range of 3-13 ppb for terrestrial iodine [56] [57] [58] , the range of closure age becomes 21-62 Ma (see ranges of solutions in figure 3 ). It must be noted that the I abundance of 3 ppb [57] and the corresponding closure age of 21 Ma after CAI are likely to be lower limits, so that a possible range of ≈30-60 Ma, corresponding to a terrestrial I content of 6-13 ppb, is preferred. . The non-corrected ratio gave a closure age of 66 Ma for the I-Pu-Xe system. After correction, the age becomes 34 Ma, in agreement with the time of closure of the I-Xe system and with the closure age of the mantle given by the mantle samples [4, 32] .
(b) I-Pu-Xe closure age
The I-Xe closure age given above is in fact a mass balance between the residual amount of radiogenic 129 Xe in the atmosphere and the amount of initial 129 I, with the underlying assumption that the former derived from the latter. In fact, the whole amount of 129 Xe(I) could have been added to a 'dead' Earth (i.e. an Earth closed after the complete decay of 129 I) by an accreting primitive body formed just after CAIs and having therefore a high 129 Xe(I)/I ratio. In such an extreme case, the 'closure' age based on I-Xe would not have any chronological meaning for the Earth. Here, it becomes interesting to make use of the I-Pu-Xe system in addition to the I-Xe system. The ( 129 Xe(I)/ 136 Xe(Pu)) ATM,CORR ratio depends on two decay constants having contrasting values. Thus, this ratio is time-dependent and decreases with age. In the example given above, the ( 129 Xe(I)/ 136 Xe(Pu)) ATM,CORR ratio should yield a very young age, contrary to the I-Xe chronometer. In other words, the two chronometers all together have the faculty to give, or not, 'concordant' closure ages.
The atmospheric 129 Xe(I)/ 136 Xe(Pu) ratio, corrected for Xe escape, becomes 21.7 instead of 4.6 (table 2), yielding a closure age of 34 Ma using equation (1.2) , with a possible range of 13-58 Ma. However, the lower time limit is based again on an unrealistically low terrestrial amount of iodine. This range is 'concordant' with the I-Xe range of 30-60 Ma and both methods converge to a revised closure age of ≈40 +20 −10 Ma for the atmosphere, instead of about 100 Ma previously thought ( figure 3) . Interestingly, the 129 Xe(I)/ 136 Xe(Pu) ratio has also been estimated for the mantle from the precise Xe isotope analysis of mantle-derived CO 2 -rich gases [32] . Estimates of this ratio vary between 20 and 64, depending on the parameters (e.g. I/Pu/U ratios, primordial Xe isotopic composition) chosen to derive them. This range of values leads to a possible interval of 20-50 Ma for a major episode of mantle degassing [32] . Thus, it is tempting to link such an event to a major catastrophic impact that affected the interior of the proto-Earth and its atmosphere and that led to the formation of the Moon. However, it must also be noted that Xe isotope data for midocean ridge basalts (MORBs) seem to define lower 129 Xe(I)/ 136 Xe(Pu) ratios around 6-10 [4, 5] , which could represent another giant event [32] , or, in our opinion, fractionation of volatile iodine with respect to refractory plutonium/uranium for the mantle source of MORBs, during Earth's building episodes.
The range of closure ages (30-60 Ma after CAI) is consistent with hafnium-tungsten (Hf-W) model ages for the Moon's formation predicting an ancient fractionation (25-50 Ma) from the W isotope difference between chondrites and the Earth [65] [66] [67] [68] . However, it is only marginally consistent with those based on the similarity of the W isotope ratios between the Earth and the Moon, which requires the Moon formation event to have taken place 60 Ma or more after CAIs [69] . The former case would reinforce the link between the last episode of major loss of the atmosphere and the formation of the Moon. The model presented here permits the xenon budget of the Earth's atmosphere to be corrected for long-term escape to space. This correction leads to a reconstruction of the xenon isotopic composition of the atmosphere just after the last episode of major loss. After correction, the I-Xe and the I-Pu-Xe systems converge towards a common range of closure ages within 30-60 Ma after CAI, suggesting that they have indeed recorded common catastrophic event(s). In fact, the closure ages estimated here probably result from the integration of a suite of events occurring during the accretion and where primitive and differentiated bodies with variable volatile contents contributed to the building of the proto-Earth. The fraction of the proto-atmosphere removed during a giant impact is debated [45, 70] . New modelling results based on the Moon-forming scenario with a fast-spinning Earth [71] suggest that a large part (if not the whole) of the atmosphere could have been removed during this major event [72] . Our reconstructed Xe budget indicates that about 23% of the total 129 Xe(I) produced by terrestrial 129 I was left in the atmosphere after completion of the Earth. The possibility that ≈77% of initial volatile elements would have been lost before the atmosphere's closure is not unreasonable in regard to possible atmospheric erosion during terrestrial accretion [45] . This mass balance implies that the proto-Earth could have hosted a factor of ≈4 more volatiles than at present, if these volatiles were supplied before the last giant impact event. Because the presentday terrestrial inventory of volatile elements is estimated to be equivalent to about 2 ± 1% of CC material [73] , this mass balance suggests that the proto-Earth could have been contributed by up to ≈10% CC material before the last giant impact. Alternatively, terrestrial volatiles could have been supplied from bodies having Xe/I ratios higher than those observed presently in CC (e.g. cometary material?).
The conclusions drawn here have to be taken carefully, as there all still too many shady areas in the early accretional history of the Earth. Our model does not pretend to describe such accretional processes, which will require a continuous accretion/degassing simulation. The main result of this study is nevertheless that the age of the terrestrial atmosphere appears closer to ≈40 Ma rather than to 100 Ma as previously thought.
Conclusion
The I-Pu-Xe system gives useful, yet not fully understood, time constraints 'on establishment of global chemical inventories' [17] for the Earth and, presumably, for the Moon. After geological loss of Xe from the atmosphere, the closure ages derived from the I-Xe and I-Pu-Xe systematics are more ancient than previously proposed and suggest major forming events around 40 Ma (range 30-60 Ma) after CAI. A more comprehensive approach of this chronology will need to integrate the I-Pu-Xe system into n-body simulations of terrestrial accretion, parametrized with gain and loss of volatiles, especially during the giant impact epoch.
